Abstract-Focused ultrasound has been shown to increase the permeability of the blood-brain barrier and its feasibility for opening the blood-spinal cord barrier has also been demonstrated in small animal models, with great potential to impact the treatment of spinal cord (SC) disorders. For clinical translation, challenges to transvertebral focusing of ultrasound energy on the human spinal canal, such as a focal depth of field and standingwave formation, must be addressed. A dual-aperture approach using multifrequency and phase-shift keying (PSK) strategies for achieving a controlled focus in human thoracic vertebrae was investigated through numerical simulations and benchtop experiments in ex vivo human vertebrae. An ∼85% reduction in the focal depth of field was achieved compared to a singleaperture approach at 564 kHz. Short-burst (two-cycle) excitations in combination with PSK were found to suppress the formation of standing waves in ex vivo human thoracic vertebrae when focusing through the vertebral laminae. The results make an important contribution toward the development of a clinical-scale approach for targeting ultrasound therapy to the SC. Index Terms-Blood-spinal cord barrier (BSCB), dual aperture, focused ultrasound (FUS), multifrequency, phase-shift keying (PSK), therapeutics.
Analysis of Multifrequency and Phase Keying
Strategies for Focusing Ultrasound to the Human Vertebral Canal
I. INTRODUCTION
T HE vasculature in the central nervous system (CNS) differs from the vasculature elsewhere in the body, due to the presence of barriers such as the blood-brain barrier (BBB) and the blood-spinal cord barrier (BSCB). These barriers serve an important role in maintaining a specialized and selective environment within the CNS. They are characterized by nonfenestrated endothelial cells with tight junctions between them and lead to the reduction of both transcellular and paracellular transport [1] . The BBB and BSCB pose significant challenges to conventional intravenous and oral methods of drug delivery to the brain and spinal cord (SC). It has been estimated that 100% of large molecule drugs (molecular weight > 500Da) and approximately 98% of small molecule drugs are unable to cross the BBB in therapeutically relevant quantities [2] , [3] . Existing methods to circumvent these barriers have a range of disadvantages including invasiveness, difficulty achieving therapeutic concentrations, and nontargeted effects [4] - [6] . Focused ultrasound (FUS), in conjunction with the intravenous administration of ultrasound contrast agents/ microbubbles (MBs), has been shown to produce consistent, reproducible, and reversible BBB opening (BBBO) [7] . There have been hundreds of preclinical studies implementing FUSinduced BBBO for the delivery of tracers or therapeutic agents, ranging in size from small molecule drugs [8] - [10] to cells [11] , [12] and the brain. FUS-induced BBBO has reached the stage of clinical trials for the delivery of chemotherapeutic doxorubicin to brain tumors [13] , [14] and in Alzheimer's patients without an administered drug (ClinicalTrials.gov identifier: NCT02986932).
Despite the clinical promise of FUS-induced BBBO, application to the BSCB has received limited attention. Wachsmuth et al. [15] demonstrated the feasibility of FUS-induced BSCB opening (BSCBO) in Wistar rats. The method has since been successfully exploited for noninvasive targeted gene delivery to the SC in rats [16] . Payne et al. [17] have demonstrated successful BSCBO in rats without gross tissue damage. However, minor neurological impairment was observed in some subjects, indicating the need for the refinement of FUS parameters. The efficacy of this method for antibody delivery for the treatment of leptomeningeal metastases has also been demonstrated [18] .
Although the initial studies of FUS-induced BSCBO in small animal models have been promising, the delivery of ultrasound energy within the complex environment of the human spine is a challenge that must be overcome for clinical translation. The submegahertz frequencies required to minimize the effects of attenuation and aberration as ultrasound propagates through a layer of bone [19] lead to long focal zones compared to the size of the target within the spinal canal. (Human thoracic spinal canal depth is typically less than 20 mm [20] .)
Long focal zones may lead to internal reflections and the formation of standing waves. Standing waves result in heterogeneous patterns of barrier opening, potential off-focus effects, and difficulty predicting in situ pressures [21] , all of which increase the risk of overexposing the tissue. Furthermore, acoustic cavitation events are more likely in a stationary wave compared to a traveling wave [22] , and bubbles can become trapped at antinodes [23] . Due to lower attenuation, submegahertz frequencies are more likely to result in standing waves in the skull cavity compared to higher frequencies [24] . Standing waves have been shown to contribute to high-pressure off-focus effects leading to unwanted and unpredictable damage and heating in transcranial studies [25] , [26] . The most convincing example is the transcranial low-frequency ultrasound-mediated thrombolysis in brain ischemia (TRUMBI) clinical trial, which employed trans-skull sonications at 300 kHz [27] and had to be prematurely ended due to the occurrence of symptomatic hemorrhage in five patients. Comprehensive simulations using TRUMBI parameters were later performed and showed a wide range of offtarget effects linked to the generation of standing waves [26] . The use of multielement large aperture arrays combined with geometric effects of the skull reduces the potential for standing waves during transcranial therapies [28] . However, such large apertures cannot be easily realized for the spinal geometry, particularly in the thoracic region where the lungs and ribs restrict the treatment geometry to a dorsal approach. This has severe implications for the formation of standing waves when focusing within the spinal cavity.
To achieve a controlled focus in the spinal canal and avoid off-focus effects resulting from reflections at the bone interfaces, it is necessary to overcome challenges relating to the focal depth of field and standing waves. Confocal, dualfrequency FUS can reduce the focal depth of field. Exploiting the interference between two confocal ultrasound beams with an angular separation θ = 120°and a frequency difference f = 30 Hz has been shown to reduce the focal depth of field by 78% at 837 kHz for cavitation-based ablation in a rat brain [29] . The success of this approach for controlled MB-mediated BBBO in rats has also been demonstrated at 274.3 kHz, with θ = 102°and f = 31 Hz [30] . Although confocal monofrequency FUS can reduce the depth of field by increasing the effective aperture, it results in large secondary lobes. By implementing a dual-frequency approach, with a burst length greater than the beat frequency, the focal region can be smoothed to generate a single mainlobe [30] . Although confocal, dual-frequency ultrasound has been demonstrated to reduce the focal depth of field [29] , the effect of parameters, such as the angular separation, pulselength, and the frequency difference between the transducers, on the focal profile has not been fully reported.
There has been substantial research geared toward standingwave mitigation in ultrasound. The use of swept-frequency (chirp) waves has been shown to reduce the standingwave artifact in vibro-acoustography [31] and radiation force measurements [32] . It was later shown that using random frequency modulations was a superior technique for standingwave minimization, compared to linear chirps, within the human skull, and a plastic cavity of parallel walls [33] . To overcome challenges related to the broadband requirements for producing modulated frequency therapy pulses, phaseshift keying (PSK) excitations were investigated for mitigating standing waves. It has been shown that random PSK is more effective than sequential PSK for this purpose [34] . All these techniques rely on breaking the coherence between the incident and reflected waves whereby the interference between the two is complicated and the standing-wave pattern is disrupted. The efficacy of these methods has been verified in large cavities, on the order of magnitude of the human skull. However, experiments in the rat skull have been less promising [35] . One method that has been successful at minimizing the effects of standing waves in the rat skull is the use of closely timed short-burst excitations compared to the more conventional quasi-continuous therapy pulses [35] . Furthermore, rapid short-pulse sequences have been shown to improve the spatiotemporal uniformity of MB activity during FUS exposure [36] , [37] . However, these short-pulse excitations have all been implemented at frequencies above a megahertz and have yet to be studied in small cavities at frequencies relevant to clinical-scale sonications.
The goal of this study was to identify a method for simultaneously achieving a reduction in both focal depth of field and standing-wave content for sonications in the human spinal canal. In this paper, the effects of confocal, dual-frequency FUS, and sonication parameters on the focal depth of field are characterized, and methods for the mitigation of standing waves in a phantom and in ex vivo human thoracic vertebrae are investigated. The results of this study and their implications for future work and the clinical application of FUS-induced BSCBO are discussed.
II. MATERIALS AND METHODS

A. Confocal, Dual-Frequency FUS 1) Numerical Simulations:
Simulations were performed in k-Wave, which is an open-source toolbox for the time-domain simulation of acoustic waves in MATLAB and C++ [38] . Simulations were performed in 2-D and in a homogeneous medium with the acoustic properties of water. The water temperature was assumed to be 20°C, and the speed of sound c was determined using the built-in k-Wave function, speedSoundWater. 20°C was chosen to be consistent with benchtop experiments, which were done at room temperature. The density of the medium ρ was assumed to be 998 kg/m 3 [39] . The effects of attenuation were not considered.
The parameters that were investigated numerically for their effects on confocal, dual-frequency FUS are outlined in Table I . Transducers were consistently defined with an aperture diameter of 5 cm. A schematic of the simulation layout is shown in Fig. 1 . Each transducer was driven at a frequency offset from f by ± f /2. The focal depth of fields for single-transducer cases was compared with confocal, dual-frequency FUS. Numerical results were used to inform benchtop experiments.
2) Benchtop Experiments: Parameters that showed promising results in simulations were investigated experimentally. A diagram illustrating the experimental setup for investigating confocal, dual-frequency FUS is shown in Fig. 2(a) . Ultrasound field measurements were made using a 0.5-mm polyvinylidene diflouride needle hydrophone (Precision Acoustics, Dorchester, U.K.). The hydrophone was navigated using a 3-D positioning arm (Velmex Inc., Bloomfield, NY, USA) connected to a motor controller (RS-232, Velmex Inc., Bloomfield, NY, USA), and mounted in a tank filled with deionized degassed water.
In-house assembled, spherically focused transducers (elements sourced from DeL Piezo Specialties, LLC, FL, USA) with a center frequency of 514 kHz and F-number = 1.2 were used to generate the ultrasound. The transducers were matched to 50 , 0°using external matching circuits and were driven using a dual-channel arbitrary/function generator (AFG 3052C, Tektronix, Beaverton, OR, USA) and 53-dB RF power amplifiers (NP-2519, NP Technologies Inc., Markham, ON, Canada).
Time-domain data from the hydrophone were displayed on a mixed-domain oscilloscope (MDO 3014, Tektronix, Beaverton, OR, USA) and subsequently transferred to a PC, where it was stored and saved. The data were processed in MATLAB to visualize the temporal peak pressure distribution for the ultrasound field.
To ensure that the two transducers were confocal, the first transducer remained fixed, while the second transducer was mounted to a manual 3-D positioning stage for fine adjustment. The hydrophone was fixed aligned to the maximum pressure location of the first transducer. Subsequently, the hydrophone remained at the focus of the fixed transducer and the second transducer was adjusted until its maximum pressure location was aligned with that of the first transducer.
B. Standing-Wave Mitigation
Focusing on a reflecting cavity using confocal, dualfrequency ultrasound was investigated in an acrylic tube phantom and ex vivo human thoracic vertebrae. Different pulse modifications in the time and frequency domains were evaluated for their potential to mitigate the formation of standing waves.
1) Numerical Simulations:
The simulation medium was adjusted to include: 1) a circular acrylic phantom of diameter 22 mm and wall thickness 2 mm (c = 2750 m/s and ρ = 1190 kg/m 3 [40] ) or 2) a homogeneous rendering of a slice through vertebrae obtained from computed tomography data of degassed vertebral specimens (c = 2429 m/s and ρ = 1900 kg/m 3 [19] ). The values of c used for vertebral bone were based on the frequency-dependent values reported for cortical skull bone in [19] , under the assumption that measurements were performed at room temperature. The suspending medium remained with the acoustic properties of water. Ultrasound was focused through the vertebral laminae and the geometric foci of the transducers were aligned with the center of the reflecting cavity [ Fig. 2(b) ].
Simulations ignored the effects of shear mode propagation in vertebrae and assumed homogeneity. The results were used to inform benchtop experiments.
2) Benchtop Experiments: Benchtop experiments were adjusted to include: 1) a cylindrical acrylic phantom of diameter 22 mm, wall thickness 2 mm, and height 42 mm or 2) a degassed ex vivo thoracic vertebra (T1, T3, T5, T7, T9, or T11). Vertebrae were degassed in a vacuum jar for a minimum of 2-h prior to each experiment. Specimens were aligned in the scan tank so that the center of the reflecting cavity roughly coincided with the maximum pressure location measured by the hydrophone. For benchtop experiments, standing waves were investigated first for the single-aperture case and then for the dual-aperture case.
The standing-wave content was quantitatively evaluated using a newly developed metric, referred to here as the S-number, which considers the spatial frequency content along transducer axes. Spatial frequency spectra were determined by taking a fast Fourier transform (FFT) of a line along the transducer axis of the temporal maximum pressure distribution. Standing waves correspond to a critical spatial frequency υ crit , which corresponds to half the wavelength (λ/2) of ultrasound used. The S-number is defined by the following equation:
where S is the S-number and ROI is the region of interest defined by the width of the peak at υ crit . This gives a measure of standing-wave content relative to the pressure at the focus. Linear chirp pulses, PSK, and short-burst excitations were evaluated for their potential to suppress the formation of standing waves in thoracic vertebrae. The standing-wave content was compared to a control case using an N = 30 cycles sinusoidal pulse [ Fig. 3(a) ] to obtain a normalized Snumber. N = 30 was chosen as the control pulse because at the frequencies of interest, it was long enough to allow the development of standing waves within the reflecting cavities while being short enough allow for reasonable scan times and to avoid reflections from the rear wall of the scan tank during benchtop experiments.
3) Linear Chirp Pulses: A chirp bandwidth W was defined and the chirp was centered about the transducer driving frequency. A frequency was incremented linearly from a starting value f start to an ending value f end such that | f end − f start | = W . The chirp pulses used had an equivalent length to the control pulse and different chirp directions and values of W were investigated. An exaggerated example of a linear chirp pulse (W = 1 kHz) is shown in Fig. 3(b) .
4) Binary Phase-Shift Keying:
Random binary PSK (BPSK) consisted of transmitting pulses where the phase of the pulse was changed after a certain number of cycles n. For BPSK, the phases used were either 0°or 180°. At each interval, the phase was assigned by a random variable. Different values of n were investigated. BPSK pulses used had an equivalent length to the control pulse. An example of BPSK (n = 1) is shown in Fig. 3(c) .
5) Quadrature Phase-Shift Keying:
Random quadrature PSK (QPSK) pulses differed from BPSK pulses only with respect to the phases used. For QPSK, 0°, 90°, 180°, and 270°p hase shifts were assigned randomly. QPSK pulses used had an equivalent length to the control pulse.
6) Short-Burst Excitations: Short, N = 2, pulses with a pulse repetition period (PRP) of 50 μs were used. An example of short-burst excitations is shown in Fig. 3(d) .
7) Short-Burst Excitations With
Random PSK: Short, N = 2, pulses with a PRP of 50 μs were used. At the start of each pulse, the phase was randomly assigned. An example of short-burst excitations combined with random QPSK is shown in Fig. 3(e) .
For benchtop experiments, pulses were generated in MATLAB and uploaded to the arbitrary/function generator.
S-numbers for modulated pulses were normalized to the control case to compare their levels of effectiveness. Pulses that showed promising results in the simulations were investigated on the benchtop. Experimentally, pulses were first investigated for the case of a single transducer and then for confocal transducers. The statistical significance of normalized S-numbers was determined using a one-way ANOVA followed by a post hoc Tukey test. Statistical significance was considered if there was a p-value < 0.05. 
III. RESULTS
A. Confocal, Dual-Frequency FUS 1) Numerical Simulations:
A comparison between a singletransducer case and a confocal, dual-frequency case is shown in Fig. 4 . Fig. 4(a) shows a contour plot of the maximum pressure distribution for a single transducer with f = 564 kHz and an F-number of 1.2, driven with a 30-cycle pulse in water. Fig. 4(b) shows a contour plot of the maximum pressure distribution for confocal transducers with f = 514 kHz and f = 614 kHz ( f = 100 kHz), θ = 90°, driven with 30-cycle pulses in water. Fig. 4 (a) and (b) shows that there is a decrease in the focal depth of field in the confocal, dual-frequency case compared with the single-transducer case. This reduction is due to the interference between the foci of the two transducers. Conventionally, the full-width at half-maximum, or the 50% contour, is used to denote the focal depth of field. Fig. 4(b) shows that the 50% contour forms a cross where the two foci overlap. This superposition of foci is asymmetric because the two different frequencies result in slightly different focal dimensions. The pressure distribution tightens quickly, such that the 70% contour forms a more precise ellipsoidal area. It is possible to actively control the peak pressures and FUS-induced BSCBO is a threshold effect [41] . Therefore, it should be possible to limit the therapeutic effect to within the 70% contour or an even narrower region of the focus. Quantitatively, the focal depth of field for the single-transducer case shown in Fig. 4(a) as defined by the 70% contour is (24.5 ± 0.5) mm. In comparison, the focal depth of field for the confocal dual-frequency case shown in Fig. 4(b) is (3.7 ± 0.5) mm. This corresponds to a reduction in the focal depth of field of approximately 85%.
The effect of increasing or decreasing the angular separation θ is illustrated in Fig. 5 . Although the larger values of θ result in the greatest reduction in the depth of field, these large angles may not necessarily be achievable in practice due to the geometry of the vertebrae. Reducing θ to a more realistic 60°results in a 78% reduction in the depth of field compared with the single-transducer case. 
2) Benchtop Experiments:
Benchtop results agree with the simulations, showing that a focal spot precise enough to focus on the human spine can be achieved. Fig. 4(c) shows the normalized maximum pressure distribution for confocal transducers driven at 514 and 614 kHz in water with θ = 90°a nd N = 30. The focal depth of field as defined by the 70% contour is (4.21 ± 0.25) mm.
A frequency difference is required between the two transducers to avoid the formation of an interference pattern in the focal region due to the interaction of the two incident waves. Fig. 6(b) shows the measured maximum pressure distributions for confocal transducers with f = 0 kHz, which contrasts the case shown in (a) with f = 100 kHz. In Fig. 6(b) , large secondary lobes are generated, while in Fig. 6(a) , the frequency difference leads to the smoothing effect in the focal Numerically, an inverse relationship between the minimum frequency difference required f min and pulselength was determined, as shown in Fig. 6(c) .
B. Standing-Wave Mitigation 1) Numerical Simulations:
When simulating focusing within a reflecting cavity, such as the acrylic tube phantom or one of the thoracic vertebrae, a clear interference pattern corresponding to the formation of standing waves was observed. Fig. 7 shows the normalized maximum pressure distribution within the acrylic tube phantom and T1. In both cases, standing waves are present.
The normalized S-numbers for each modified pulsing regime compared to the control case in the acrylic tube phantom are shown in Table II .
Simulations in the vertebrae also show promising results for the mitigation of standing waves. An example using the combination of short-burst excitations with PSK is shown in Fig. 8 . Fig. 8(a), (b) , (e), and (f) shows the maximum pressure distribution using the control pulse (514 and 614 kHz) in T1 and T5, respectively. Fig. 8(c), (d), (g) , and (h) shows the maximum pressure distribution using short-burst excitations with PSK (514 and 614 kHz) in T1 and T5, respectively, and show more uniform focal spots compared with the control pulse.
2) Benchtop Experiments-Single Transducer: BPSK was not investigated experimentally due to its similar performance to QPSK in numerical simulations. Instead, a pulsing regime consisting of short-burst excitations combined with time delays corresponding to PSK was tested. In total, five pulsing regimes were investigated for mitigation of standing waves on the benchtop. These could be subdivided into two categories: 1) long-burst regimes and (2) short-burst regimes. The longburst pulses were a 200-kHz chirp and a QPSK pulse (n = 1), with pulse lengths equivalent to the control pulse. The shortburst pulses were a two-cycle pulse train, a two-cycle pulse train with PSK, and a two-cycle pulse train with time delays. Fig. 9 . Normalized S-numbers compared to a control case for different methods of standing-wave mitigation with a single transducer driven at 514 kHz in the acrylic tube phantom and 6 ex vivo thoracic vertebrae. Bars: sample mean. A plot of the normalized S-numbers compared with the control case across samples using a single transducer is shown in Fig. 9 . While all the methods reduced the standingwave content compared with the control case, the shortburst methods performed significantly better than long-burst methods. A one-way ANOVA indicated a significant difference among the groups ( p = 0.0006). Through post hoc Tukey testing, no significant difference was found either between the long-burst methods or among the short-burst methods. For example, the 200-kHz chirp versus QPSK had p = 0.98, and short-burst excitations versus short-bursts with PSK had p = 1.00. Comparatively, QPSK versus short-burst excitation had p = 0.01. These results imply that for the singletransducer case, the most important factor for mitigating standing waves in a cavity of this size is the pulselength.
3) Benchtop Experiments-Dual Aperture: From singleaperture investigations, it is apparent that short pulses are appropriate for reducing the effects of standing waves at 514 kHz in a reflecting cavity such as the human thoracic spinal canal. However, it is difficult to achieve the effects of confocal, dual-frequency FUS with short-pulse durations [ Fig. 6 ]. The results show that the combination of shortburst excitations with PSK leads to the generation of a single mainlobe at the focus of the transducers and simultaneously negates the f min requirement. Fig. 10 shows a comparison between short-burst excitations and short-burst excitations combined with PSK in water at 514 kHz.
Similar results were obtained both using a synthetic dual aperture (i.e., Measurements obtained for a singletransducer case and time-domain data added in postprocessing in MATLAB.) in the acrylic tube phantom, T1 and T5, and using two physical transducers in the phantom and T1. Fig. 11 shows the comparison between the control pulse and the combination of short-burst excitations with PSK in T1 and T5.
IV. DISCUSSION
The feasibility of creating a controlled focus within human thoracic vertebrae has been demonstrated ex vivo. A confocal, dual-aperture approach led to a focal depth of field that was more appropriate, given the size of the vertebral canal, compared to a single-aperture case (Fig. 4) . This result is due to the temporal superposition of pressure fields from the two transducers. The introduction of a frequency difference between the transducers allows for the smoothing of the spatial pressure distribution over time [30] . For shorter pulse lengths, it is more difficult to achieve the smoothing effect, leading to the increased values of f . In this study, all pulse lengths used were short compared to [29] and [30] which used pulse lengths on the order of 10 ms. As a result, larger values of f were required for this study (order of magnitude: 10-100 kHz compared to 10 Hz). The dual-aperture approach was superior to a single-aperture approach as it produced a 70% contour small enough to fit within the human thoracic vertebral canal. The reduction in a focal depth of field that has been demonstrated is important as it will allow for greater precision in FUS treatments in the vertebral canal compared to a single-aperture case.
The combination of short-burst (N = 2) excitations and PSK has been shown to be a promising method of standingwave reduction in the thoracic vertebral canal both numerically and experimentally. This pulse is advantageous as it eliminates both standing waves and the interference pattern at the focus when using short bursts in the dual-aperture configuration (Fig. 11) and can be easily implemented in practice using either phase or time delays to generate phase shifts within the pulses. Short bursts (N = 2) are superior to the N = 30 control pulse because the short-pulse lengths and broad frequency content of short pulses minimize interference between incident and reflected waves within the vertebral canal. However, such short bursts do not achieve a single main focal lobe in the dual-aperture setup, as f required for spatial smoothing becomes extremely large. To compensate for this, instead of a frequency difference, random PSK, applied individually to each transducer, can be used to achieve the same effect over multiple bursts. The improved focal control (Fig. 11) compared to the N = 30 control pulse is necessary for therapeutic applications since the standing-wave content is difficult to predict. A shift in vertebral position on the order of 1 mm can greatly alter the pressure distribution and standing-wave content within the vertebral canal.
The chirp pulse (∼3 GHz/s) and short pulses used experimentally were likely subject to bandwidth limitations of the transducers. Piezocomposite transducer elements were used to achieve the necessary bandwidth to accommodate chirps and short-pulse lengths. However, the transducers used in this study were air backed, and the addition of a backing layer could further improve the transducer bandwidth.
Although this study did not include in vivo investigations, short pulses have previously been successful for BBBO [21] , [35] , [42] . Future investigations into the response of MBs to short pulses with PSK, both on the bench and in vivo, will allow treatments to be optimized for this pulse scheme. The effects of other exposure parameters, including the PRP and pulse train length and repetition frequency of the pulse train, should also be investigated in the future work.
Limitations of this study include the simplified numerical simulations, the hydrophone orientation, and difficulty performing measurements covering the extent of the vertebral canal. The k-Wave model used in the simulations makes several simplifications, including modeling only two dimensions, assuming bone homogeneity, and not accounting for shear mode propagation of ultrasound through vertebral bones. This is unrealistic, especially considering the complicated geometry of vertebral bone and the dependence of longitudinal and shear mode transmission on incidence angle [43] .
The assumption of bone homogeneity may be insufficient to capture the complexity of ultrasound propagation through vertebral bone, which has been shown to have varying density and complex trabecular structures [44] . Recently, image homogenization has been shown to contribute to the underestimation of transmitted amplitude and time of flight in transcranial simulations [45] and is likely to underpredict focal distortions. In addition, the acoustic properties used in these simulations were based on skull bone, and these may not be transferable to vertebral bone. Unlike the skull, the vertebrae are load-bearing structures, with trabeculae aligned along lines of stress [46] , and it has been shown that the directions of trabecular orientation influence acoustic properties [47] . However, it is important to note that the posterior elements of human vertebrae, including the lamina, have a much-reduced ratio of trabecular bone to the cortical bone when compared to anterior elements [48] , so the simulations performed in this study may be less affected by the assumption of homogeneity. Considering these limitations, the simulation results in this paper should be viewed only as a guideline for experimental work, as was intended.
For benchtop experiments, the hydrophone was orientated perpendicular to the axis of the transducers (Fig. 2) . This means that the hydrophone shaft obstructs some sound traveling from the transducer face to the focus, leading to some focal distortion. Although this effect is not evident in the axial scans presented in this paper and therefore does not pose an issue for this study, it leads to focal distortion in the transverse plane [49] . Due to the fragility of the hydrophone and limitations of the scan arm software, only square grids (∼10 mm × 10 mm) were measured within the vertebral canal. This means that there was some data that could not be captured, especially near the walls of the canal.
The results of numerical simulations and benchtop experiments presented in this paper were done at room temperature, rather than the human body temperature of 37°C. Although the temperature impacts the speed of sound in a medium, it should not impact the results of this paper showing the depth of field reduction and standing-wave mitigation. Additional simulations and experiments were conducted at 37°C to confirm the results shown in Figs. 8 and 11 . These results confirmed that a controlled focus can be achieved in the thoracic vertebrae using a dual-aperture approach and shortburst excitations in combination with PSK.
Having demonstrated the feasibility of using a dual-aperture approach and short bursts with PSK for creating a controlled focus within ex vivo thoracic vertebrae, future work will include the investigation of MB response to the selected exposures both on the benchtop and in vivo. In addition, the selected exposures will be investigated for their safety and efficacy for BSCBO in vivo in a clinically relevant, large animal model. Ultimately these methods will be implemented on a phased array to allow for aberration correction and focal steering, providing even greater control of the therapeutic focus.
V. CONCLUSION
The feasibility of using a dual-aperture approach and shortburst exposures combined with PSK to achieve a controlled focus has been demonstrated in ex vivo human thoracic vertebrae. These exposures were shown to successfully reduce the focal depth of field and suppress standing waves through numerical simulations and benchtop experiments. Future work will focus on investigating MB response to the selected exposures and implementation in vivo.
